Appropriate interpretation of pleasurable, rewarding experiences favors decisions that enhance survival. Conversely, dysfunctional affective brain processing can lead to life-threatening risk behaviors (e.g., addiction) and emotion imbalance (e.g., mood disorders). The state of sleep deprivation continues to be associated with maladaptive emotional regulation, leading to exaggerated neural and behavioral reactivity to negative, aversive experiences. However, such detrimental consequences are paradoxically aligned with the perplexing antidepressant benefit of sleep deprivation, elevating mood in a proportion of patients with major depression. Nevertheless, it remains unknown how sleep loss alters the dynamics of brain and behavioral reactivity to rewarding, positive emotional experiences. Using functional magnetic resonance imaging (fMRI), here we demonstrate that sleep deprivation amplifies reactivity throughout human mesolimbic reward brain networks in response to pleasure-evoking stimuli. In addition, this amplified reactivity was associated with enhanced connectivity in early primary visual processing pathways and extended limbic regions, yet with a reduction in coupling with medial frontal and orbitofrontal regions. These neural changes were accompanied by a biased increase in the number of emotional stimuli judged as pleasant in the sleep-deprived group, the extent of which exclusively correlated with activity in mesolimbic regions. Together, these data support a view that sleep deprivation not only is associated with enhanced reactivity toward negative stimuli, but imposes a bidirectional nature of affective imbalance, associated with amplified reward-relevant reactivity toward pleasure-evoking stimuli also. Such findings may offer a neural foundation on which to consider interactions between sleep loss and emotional reactivity in a variety of clinical mood disorders.
Introduction
Optimal evaluation and interpretation of pleasurable, rewarding experiences allows for the development of actions and decisions toward fitness-enhancing outcomes (Berridge and Robinson, 2003; Schultz, 2006; Knutson and Wimmer, 2007) . However, pleasure seeking can also lead to deleterious and life-threatening behaviors, exemplified by abusive drug addiction, impulsive thrill seeking, and adverse risk taking. Experimental paradigms have demonstrated that these reward mechanisms are supported, in part, by activity in mesolimbic reward pathways including the ventral tegmental nuclei and striatum (Schultz, 2006) , as well as the amygdala (Berridge and Robinson, 2003; Murray, 2007) . One circumstance increasingly related to maladaptive emotional and mood regulation is the state of sleep deprivation. Building on extensive clinical findings (Benca et al., 1992; Armitage, 2007; Harvey, 2008) , a growing literature continues to emphasize the necessity of sleep in the optimal homeostasis of emotional brain function (Dahl, 1996; Levin and Nielsen, 2009; Walker and van der Helm, 2009) . Chronic sleep restriction has been shown to increase mood disturbance and escalate complaints of emotional difficulties (Dinges et al., 1997; Zohar et al., 2005) . Moreover, acute sleep deprivation significantly amplifies amygdala reactivity in response to negative emotional stimuli, associated with a loss of medial prefrontal cortex (mPFC) connectivity (Yoo et al., 2007b) . Sleep loss also disrupts consolidation of negative emotional memories, resulting in persistent amygdala reactivity during later recollection (Sterpenich et al., 2007) . Furthermore, larger pupillary responses have been reported under conditions of sleep deprivation, specifically during the viewing of negative emotional picture stimuli (Franzen et al., 2009) .
This detrimental affective consequence of a lack of sleep is, however, paradoxically aligned with the beneficial antidepressant effect of sleep deprivation in patients with major depression, a substantial proportion of whom show a fast-acting alleviation of depressed mood in response to total or selective sleep deprivation (Gillin et al., 2001) . Unfortunately, the antidepressant benefit of sleep deprivation is rapidly reversed following recovery sleep, implying a transient (functional) basis for the short-term clinical improvement (Wirz-Justice and Van den Hoofdakker, 1999) . Interestingly, this beneficial mood-elevating effect is paralleled by reports of emotional lability in healthy adults under conditions of sleep loss, commonly describing episodes of inappropriate euphoria and giddiness, and oscillating periods of lopsided positive emotional reactivity (Bliss et al., 1959; Horne, 1993; Dahl, 1996) .
These findings contribute to the hypothesis that sleep deprivation may be associated not only with enhanced reactivity toward threat-relevant negative stimuli (Yoo et al., 2007b) , but also a disinhibition of mesolimbic dopaminergic networks that mediate reactivity to pleasurable and rewarding experiences (Venkatraman et al., 2007; Volkow et al., 2008 Volkow et al., , 2009 ). However, to date, the assessment of emotional brain reactivity under conditions of sleep deprivation has focused on negatively valenced stimuli. It remains unclear whether this relationship is unidirectional, associated with selective overresponding by the brain only to negative stimuli, or whether the impact of sleep loss imposes a labile, bidirectional nature of affective imbalance, including increased neural reactivity to positive emotional experiences also. Here, we test the hypothesis that sleep deprivation amplifies reactivityand alters functional connectivity-within mesolimbic networks of the human brain in response to pleasure-evoking stimuli, biasing the appraisal-and hence the behavioral ratings-of these positive emotional experiences.
Materials and Methods
Twenty-seven healthy participants age 18 -30 years (mean 23.6, s.d. Ϯ1.4) were assigned to either a sleep-deprivation group (n ϭ 14, 7 males) or sleep-control group (n ϭ 13, 6 males). The experimental intervention differentiating the two groups occurred on the night before functional magnetic resonance imaging (fMRI)-task scanning. In the sleepdeprivation group, subjects were awake across day 1, night 1, and day 2, before fMRI scanning on day 2 (5:00 P.M.). In the sleep-control group, subjects slept normally at home across night 1 before scanning on day 2 (5:00 P.M.).
Participants abstained from caffeine, alcohol, and naps for 72 h before and during the study, and kept a normal sleep-wake rhythm and average sleep duration (7-9 h of sleep per night, morning rise time of 7:00 -8:30 A.M.) for 1 week before study participation, verified by actigraphy (a wristwatch movement sensor, sensitive to wake and sleep states). The amount of sleep obtained during the period before the study did not differ between the sleep-deprivation group and the sleep-rested group in either average number of hours (mean: 7.75 and 7.61, respectively: twosample t test, t (25) ϭ 0.28, p ϭ 0.78) or variability, as assessed in standard deviation across nights (mean: 0.46 and 0.53, respectively: t (25) ϭ 0.66, p ϭ 0.43). Exclusion criteria, assessed using a prescreening questionnaire, were a history of sleep disorders, neurologic disorders or closed head injury, Axis I psychiatric disorders according to the DSM-IV criteria (encompassing major mental disorders including depression, anxiety disorders, bipolar disorder, attention deficit disorder, and schizophrenia), history of drug abuse, and current use of anti-depressant or hypnotic medication. No subject reported being a habitual napper (defined as napping 2 or more days per week).
Subjects in the deprivation group were continuously monitored in the laboratory throughout the enforced waking period by trained personnel, independently confirmed using actigraphy monitoring, accumulating a mean of 31.9 h (s.d. Ϯ1.31) total sleep deprivation before the scanning session. A standardized regimen of waking activity was conducted during the deprivation period, with subject activities limited to Internet, e-mail, and reading in a standard light environment (340 lux). Participants were allowed occasional short indoor walks around the floor of the experimental area (maximum light: 530 lux). During the deprivation period, a standard breakfast was provided to each subject (7:00 A.M.), which contained no caffeine and included yogurt or cereal, toast, a small fruit bowl, and a glass of orange juice (ϳ400 calories), and a standard lunch was provided (12:00 P.M.) containing a sandwich (variable filling, depending on subjects' dietary preferences), a small bag of pretzels, and a granola bar (ϳ550 calories). Water intake was offered ad libitum throughout the experimental period, as were snack options of either a small box of dried raisins or bag of pretzels.
Participants in the sleep-control group obtained a mean of 7.7 h (s.d. Ϯ1.23) of sleep the night before the fMRI session, as measured using actigraphy. On the night before deprivation, participants in the sleepdeprivation group obtained a mean of 7.4 h (s.d. Ϯ0.98) of sleep, not significantly different from that of the control group (7.1 h; s.d. Ϯ1.11: t (25) ϭ 0.75, p ϭ 0.46). It should be noted that these are quantitative measures and, due to the absence of polysomnographic sleep assessments, do not inform about qualitative sleep-stage measures. The study protocol was approved by the institutional ethical review board, and all participants provided written informed consent.
fMRI and task procedures. Functional images were collected on a General Electric 3 tesla magnet using an echo planar imaging sequence (64 ϫ 64 matrix; TR ϭ 2500 ms; TE ϭ 40 ms; FOV ϭ 240 cm; oblique slice parallel to AC-PC line, 34 slices, no slice gap, 4 mm thickness), followed by a high-resolution, T1-weighted structural scan (3-dimensional spoiled gradient echo sequence, 256 ϫ 192 matrix; TR ϭ 20 ms; TE ϭ minimum; flip angle ϭ 30°; FOV ϭ 240 cm; 124 slices; 1.3 mm thickness). All images were corrected for slice timing, realigned, coregistered, normalized, and smoothed [8 mm full-width at half-maximum (FWHM)] using default parameters in SPM5.
The event-related fMRI design was composed of 100 picture stimulus presentation trials, selected from a standardized picture set (International Affective Picture System) (Lang, 1997) . The picture stimuli ranged in a standardized gradient from emotionally neutral (neutral valence, low arousal) to increasingly pleasant (positive valence, high arousal; 100 stimulus-set range: valence: maximum ϭ 8.28, minimum ϭ 3.79, mean ϭ 6.18, s.d. Ϯ1.30; arousal: maximum ϭ 6.99, minimum ϭ 3.14, mean ϭ 4.88, s.d. Ϯ1.07). Each event-related trial lasted 10 s, beginning with a fixation cross (300 -900 ms jittered), followed by a picture stimulus presentation (2500 ms). Following this stimulus, participants subsequently made a binary button-press response judgment, categorizing the picture stimulus as either emotionally "pleasant" or "neutral" (2500 ms), which further confirmed wakefulness. The trial was completed by 4100 -4700 ms fixation (equating jitter time).
Behavioral data analysis. Participants' task responses provided two related behavioral outcome measures. The first was the proportion of picture stimuli categorized by participants as either "pleasant" or "neutral." The second was a positive bias score, which used these values, and represented the subtracted difference in the proportion of picture stimuli categorized by the participants as "neutral" from the proportion of picture stimuli categorized as "pleasant." A zero value therefore represents equal numbers of stimuli assigned to neutral and pleasant categories, while a positive value represents a greater proportion of stimuli rated as pleasant relative to neutral (and vice versa) .
Response data (categorization as pleasant or neutral) were submitted to a mixed-design ANOVA, with between-subjects factor "group" (sleep control, sleep deprivation), and within-subjects factor "emotional response" (pleasant, neutral). Post hoc within-and between-group comparisons of response categorizations and the positive response bias were calculated using paired and unpaired two-tailed t tests, respectively. All analyses were performed using the software program JMP v8.0 (SAS), with p Ͻ 0.05 considered significant. fMRI analysis. Preprocessing and data analysis were performed using Statistical Parametric Mapping software implemented in Matlab (SPM5; Wellcome Department of Cognitive Neurology, London, UK). Images were slice-timing corrected and motion corrected, and then spatially normalized to the Montreal Neurological Institute template and smoothed using an 8 mm FWHM Gaussian kernel. For each subject, trial-related activity was assessed by convolving a vector of trial onsets with a canonical hemodynamic response function. The six movementrelated variances (three rigid-body translations and three rotations, determined from the realignment preprocessing step) were used as regressors in the design matrix for modeling movement-related artifact in the time series. Nonsphericity of the error covariance was accommodated for by a first-order autoregressive (AR1) model, in which the temporal autocorrelation was estimated by pooling over suprathreshold voxels (Friston et al., 2002) .
A general linear model (GLM) (Friston et al., 1995) was specified for each participant to investigate the effects of interest. Contrasts were cre-ated at the first level using parametric modulation (Büchel et al., 1998) , integrating the standardized valence score of each individual picture slide, allowing the elucidation of brain activation that covaried with this regressor (positive emotional strength), and resulting in a corresponding t statistic for every voxel. This analysis method afforded an objective evaluation of brain responsivity to the standardized picture slides, quantifying activation in accordance with the associated normative stimulus ratings, which were uniformly applied to both groups. The resulting contrasts were then taken through to a second-level random-effects analysis to assess group-level differences. Omitted response trials were modeled separately, and did not differ significantly in number between the sleep-control and sleep-deprivation groups [mean: 0.62 (s.d. Ϯ0.75) and 1.07 (s.d. Ϯ2.26), respectively, two-sample t test, t (25) ϭ 0.89, p ϭ 0.38].
Functional connectivity was assessed using psychophysiological interaction analysis, implemented in SPM5, evaluating how regional network activity covaries in relation to a source region during task performance (Friston et al., 1997) . Within each group, we examined functional connectivity referenced to a 4 mm 3 sphere seed region of interest (ROI) at peak locations of group difference. A GLM was constructed at the first level using three regressors: (1) the deconvolved bold signal from the ROI seed, (2) the stimulus valence scores, and (3) the interaction term between the first and the second regressor. Contrasts for this interaction term revealed brain regions considered to covary as a functional network with the source ROI (Friston et al., 1997) . These subsequent connectivity contrasts were then taken through to a second-level, random-effects analysis.
The relationship between the positive emotional bias score and brain activity within each group was identified by GLM using a simple regression analysis, and also reported at a significance threshold at p Ͻ 0.001, whole-brain uncorrected, and Ն5 contiguous voxels. Formal estimation of overlap in activation patterns used conjunction analysis applied to the statistical parametric maps of the minimum t statistic over two selected contrasts, using the conjunction null hypothesis test (Nichols et al., 2005) , which requires regions of significance to be present in both tested conditions (i.e., a logical "AND" conjunction).
For our a priori ROIs (midbrain, striatum, amygdala, and insula) (Berridge and Robinson, 2003; Adcock et al., 2006; Schultz, 2006; Hampton et al., 2007; Knutson and Wimmer, 2007; Murray, 2007; Yoo et al., 2007; Shohamy and Wagner, 2008; Düzel et al., 2009; Valentin and O'Doherty, 2009) , statistical inferences are reported using small volume correction (SVC) at a threshold of p Ͻ 0.05, corrected (see Table 1 ). All ROIs used a 10 mm 3 sphere, with the exception of the smaller ventral tegmental area (VTA)/substantia nigra structure, set instead at 5 mm 3 (Adcock et al., 2006; D'Ardenne et al., 2008; Düzel et al., 2009 ). Whole-brain analyses beyond these ROIs are reported using significance level of p Ͻ 0.001 whole-brain uncorrected, with a spatial threshold of Ն5 voxel cluster size, as in previous such studies [e.g., Pochon et al. (2002) (2010)], although importantly we note in the results which of these non-a priori regions survived the more conservative false discovery rate correction ( p Ͻ 0.05). This approach provides a reasonable balance with respect to type I and type II error concerns, consistent with the false discovery rate in typical behavioral science research, as outlined by Lieberman and Cunningham (2009) .
Results

Behavior
The distribution of responses categorizing stimuli as either pleasant or neutral, displayed in Figure 1 A, demonstrated no main effect of group (sleep control, sleep deprivation) or emotional response (neutral, positive) (significance provided in figure) , yet a significant group ϫ emotional response interaction (F (1,25) ϭ 4.09, p ϭ 0.04). Post hoc tests demonstrated a disproportionate positive response bias in the sleep-deprivation group. Specifically, relative to the null hypothesis of equal categorical assignment (50/50), sleep-deprived participants rated significantly more images as pleasant, and significantly fewer images as neutral [between-subjectfactorofgroup(sleepcontrol,sleepdeprivation)andwithin-subjectsfactorofemotional response (pleasant, neutral)] demonstrated no significant main effect of group (F (1,25) ϭ 0.19, p ϭ 0.67) and no significant main effect of emotional response (F (1,25) ϭ 2.02, p ϭ 0.16), but a significant group ϫ emotional response interaction (F (1,25) ϭ 4.09, p ϭ 0.04; across group and conditioncomparison).Posthoctestswithineachgroup(symbolabovebar)representcomparisonsof each category to the null hypothesis of equal categorical assignment (50%), with significance values provided in the main text. B, The corresponding change in response tendency, characterized as positive bias score, represented as the subtracted difference in the proportion of positive items relative to the proportion of neutral items in the sleep-control and sleep-deprivation group. A zero value represents equal numbers of stimuli assigned to neutral and pleasant categories, while a positive score represents a greater proportion of stimuli rated as pleasant relative to neutral (and vice versa). Comparison reflects significance at p Ͻ 0.05 (*) and p Ͻ 0.01 (**). n.s., Nonsignificant. Error bars represent s.e.m. Corresponding response times and analyses are provided in supplemental Table 1 (available at www.jneurosci.org as supplemental material). The x-y-z coordinates are given in peak Montreal Neurological Institute (MNI) space coordinates. L and R denote left and right. * denotes non-a priori regions that were significant at p Ͻ 0.001 uncorrected threshold, but did not survive whole-brain FDR correction at p Ͻ 0.05. All other areas were of a priori interest, defined by letter (a-g), and all survived SVC correction for multiple comparisons ( p Ͻ 0.05, 10 mm 3 sphere; with the exception of the small substantia nigra/VTA nuclei, which used a 5 mm 3 sphere). a Karama et al. (2002) . b Gottfried et al. (2003) . c Sabatinelli et al. (2007) . d . e Valentin and O'Doherty (2009) . f Adcock et al. (2006) . g Kuhl et al. (2010) . (both paired t test, t (13) Ͼ 3.06, p Ͻ 0.009). In contrast, no difference in the proportion of pleasant and neutral ratings was observed in the sleep-control group (both paired t test, t (12) Ͻ 0.63, p Ͼ 0.54). This change in response tendency was further characterized within each subject by calculating a positive bias score, representing the subtracted difference in the proportion of positive items relative to the proportion of neutral items (Fig. 1 B) . Participants in the sleep-deprived group demonstrated a strong positive ratings bias, while those in the control group showed no such significant shift in response tendency, with these scores being significantly different between groups (Fig. 1 B) (two-sample t test, t (25) ϭ 2.17, p ϭ 0.04). Note that the near-zero value in positive response bias score in the sleep-rested control group indicates that participants rated near-equal proportions of the stimuli as pleasant and neutral (and not a lack of discrimination between the images). Together, these data describe a lopsided bias in the proportion of positive emotional stimulus judgments in the sleep-deprived group relative to the control group.
fMRI-activation differences
We first contrasted brain activation associated with reactivity to the increasing positive stimulus gradient between the two groups. Supporting the original hypothesis, significantly greater activation was identified in the deprivation group in a restricted portion of a priori mesolimbic regions previously implicated in mediating reward-driven behavior, including an area consistent with the VTA of the brainstem (Adcock et al., 2006; Shohamy and Wagner, 2008; Düzel et al., 2009) , and the left putamen of the dorsal striatum (Berridge and Robinson, 2003; Schultz, 2006; Hampton et al., 2007; Knutson and Wimmer, 2007; Valentin and O'Doherty, 2009) (Fig. 2A ; coordinates provided in Table 1 ). In addition, increases in reactivity were also identified in a priori affect-associated regions of the amygdala and left insula cortex (Berridge and Robinson, 2003; Murray, 2007) . Greater activation in the deprivation group was also identified in the visual processing pathway in the left fusiform gyrus, although this non-a priori region did not survive a more conservative statistical threshold correction (Table 1) . Conversely, significantly less activation was observed in the sleep-deprivation group, relative to the control group, in mnemonic-related networks of the right posterior hippocampus and precuneus (Yoo et al., 2007a; Van Der Werf et al., 2009) , as well as the left middle occipital gyrus (Fig. 2 B) , although these non-a priori regions also did not survive the more conservative statistical threshold correction (Table 1) . That these increases in activation in the sleep-deprivation group were not due to a generalized or nonspecific amplified reactivity to any and all stimulus kinds was confirmed by a subset analysis of the upper quartile stimulus set (most positive) and lower quartile stimulus set (most neutral). The analyses, described in detail in Figure 3 , demonstrate consistent between-group reactivity differences for the most positive stimulus set, but not the most neutral stimuli.
fMRI-association with task performance
We next sought to test our hypothesis that regions exhibiting significantly greater reactivity in sleep-deprived participants at the overall group level (described in Fig. 2 ) were common and hence overlapping with those regions that demonstrated a significant correlation with the positive bias score in the sleep-deprived group (described in Fig. 1 B) . We first identified regions of taskrelated brain activity that correlated with the positive emotional bias scores in the sleep-deprived group using a regression model, and subsequently contrasted them with the between-group regions of difference described in Figure 2 . Overlaying the two contrasts-the group-level differences in activation between the two groups, and the regions correlating with the positive bias score in the sleep-deprivation group-demonstrated homology in several areas: the VTA, the left fusiform gyrus, and left insular cortex (Fig. 4 A; coordinates provided in supplemental Table 2 , available at www.jneurosci.org as supplemental material). A formal test of this homology was examined using conjunction analysis, confirming clusters of shared activity in all three of these regions (Fig. 4 B; with equivalent analyses for the control group also reported in supplemental material and corresponding supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Correlations between the positive bias score and brain activation within the sleep-control group are provided in supplemental Figure 3 (available at www.jneurosci.org as supplemental material) (coordinates in supplemental Table 2 , available at www.jneurosci.org as supplemental material). Therefore, several a priori brain regions that significantly correlated with the positive bias score within the sleep-deprivation group were anatomically convergent with the same regions that were significantly different between the sleep-deprivation and sleep-control groups at the independent group level of analysis.
fMRI-functional connectivity differences
Focusing a priori on mesolimbic regions demonstrating significant difference at the group level (VTA, amygdala, insula, putamen), we finally sought to test our hypothesis that a differential network of functional connectivity was associated with activity Table 1 . Images are displayed in neurological convention, with left side corresponding to left hemisphere. Effects are displayed at whole brain uncorrected cortex p Ͻ 0.001; Ն5 contiguous voxels, with corrected significance reported in Table 1. in these target ROIs. For the VTA ROI, relative to the sleep-control group, significantly stronger functional connectivity was identified in the deprivation group in regions of the left amygdala and left anterior temporal pole (Fig. 5A) . The insular cortex ROI demonstrated greater coupling with a number of visual cortex regions (Fig. 5B) , together with an area at the left posterior insular cortex junction. The bilateral amygdala ROIs, which demonstrated increased reactivity in the deprivation condition at the overall group level, showed significant decreases in connectivity with medial prefrontal cortex and bilateral orbitofrontal cortex in the deprivation group, together with decreased coupling in the left fusiform gyrus (Fig. 5C) . No between-group differences in connectivity were identified for the putamen ROI. While not a component of our original hypothesis, the fusiform area, which demonstrated greater reactivity in the sleep-deprived participants at the overall group level, exhibited stronger connectivity with the left anterior temporal pole, similar to the VTA, with additional regions of increased connectivity in left superior insula and left lateral prefrontal cortex (supplemental Fig. 4 A, available at www.jneurosci.org as supplemental material). Connectivity results for regions that demonstrated less reactivity in the deprivation condition at the overall group level are provided in supplemental Figure 4 B (available at www. jneurosci.org as supplemental material). Therefore, in addition to enhanced reactivity in the VTA, insula, and amygdala in the deprivation group, differences in functional connectivity of these regions were also observed, associated with decreased coupling in midline prefrontal and orbitofrontal cortices, yet increased connectivity with related mesolimbic and early sensory perceptual regions.
Discussion
Here we demonstrate that sleep deprivation amplifies reactivity throughout select midbrain, striatal, limbic, and visual perceptual processing regions in response to positive emotional stimuli. Moreover, these regional increases were additionally associated with a reduction in functional connectivity in medial and orbitofrontal cortex, yet an enhanced coupling in early primary visual processing pathways and extended limbic regions. Behaviorally, these neural changes were accompanied by a significant bias in the number of stimuli rated as emotionally pleasant in the sleep-deprived group, the extent of Figure 3 . Histograms of parameter estimates (effect size) for nonparametrically modulated activity in regions of group-level difference, displayed in Figure 2 , but for a subset analysis of the 25 most neutral and 25 most positive images. To determine whether increases in activation observed in the sleep-deprivation group were due to a generalized (nonspecific) amplified reactivity to all stimulus kinds, independent of emotion strength, a further subset analysis of the upper quartile stimulus set (most positive) and lower quartile stimulus set (most neutral) was performed for regions identified as different between the two groups. A, For all regions described as more reactive in the deprivation group (Fig. 2 A) , the subset analyses revealed similar activation levels between the two groups in response to the most neutral pictures, yet highly significant differences between groups for the most positive pictures. Between-group statistical t test comparisons are provided within the figure. All within-group comparisons between the most neutral and most positive stimuli were significant in the deprivation group (all p Ͻ 0.04), yet nonsignificant in the control group (all p Ͼ 0.12), with the exception of activity in the right amygdala, which showed a trend toward significance ( p ϭ 0.07). Therefore, across all regions showing greater reactivity in the deprivation group across the entire stimulus set, a condition-specific relationship was observed, expressly in response to positive stimuli, while reactivity to more neutral images was similar in the two groups. B, This was also true for the reduction in activity identified in the hippocampus and left occipital gyrus in the deprivation group. However, it was not the case for the remaining region showing decreased reactivity at the overall group level in the sleep-deprived participants-the precuneus-which demonstrated nonspecific reductions in reactivity for both neutral and negative stimulus subsets, relative to the control group. Between-group statistical t test comparisons are provided within figure. All within-group comparisons between the most neutral and most positive stimuli were significant in the control group and deprivation group (all p Ͻ 0.03), with the exception of activity in the precuneus in the control group ( p ϭ 0.56). All between group comparisons reflect significance at p Ͻ 0.05 (*) and p Ͻ 0.005 (**). Error bars represent s.e.
which correlated with overlapping regions in these reward-and affect-associated networks.
The striatum (including the caudate, nucleus accumbens, and putamen) has consistently been implicated in motivation and emotion regulation (Knutson and Cooper, 2005; Schultz, 2006) , and can respond in a scaled, parametric way to increasing positive-reward valence (Knutson et al., 2000 (Knutson et al., , 2001 Delgado et al., 2003) . Striatal regions receive dopaminergic projections from the midbrain VTA, the modulatory effects of which are believed to be important in regulating the brain's response to positive rewards by aiding information integration within the striatum (Knutson and Cooper, 2005; Schultz, 2006) . We found that a subset of regions in this dopaminergic reward network, encompassing the putamen and VTA, exhibited significantly greater activation in response to positive emotional stimuli in the sleepdeprived group, relative to those who had slept. This increase in reactivity of the VTA-a structure that can also scale in response magnitude with increasing reward value (Fields et al., 2007 )-may offer a putative mechanism underlying the increase in the biased number of positive stimulus judgments observed in the deprivation group. Supporting such a hypothesis, activation in the VTA was not only different between the two groups, but within the deprivation group was additionally correlated with the positive response bias scores across sleep-deprived participants (discussed further below). The putamen, situated in the dorsal striatum, has previously been linked to action-oriented components of reward-driven behavior that are stimulus relevant (rather than automated/habitual) (Balleine et al., 2007) . Therefore, beyond necessarily coding reward value, which more ventral aspects of the striatum may represent (Knutson and Wimmer, 2007) , the increased putamen activation identified in the deprivation group may reflect a stronger mapping to, or learned association with, the positive stimulus response choices.
The enhanced mesolimbic reactivity identified in the deprivation group complements recent investigations by Volkow and colleagues using PET [11C]raclopride binding-a dopamine D 2 /D 3 receptor radioligand-describing increases in dopamine activity within reward networks following acute sleep loss, including the striatum (Volkow et al., 2008 (Volkow et al., , 2009 . Our findings also converge with studies in rodents describing a heightened sensitivity of dopaminergic receptors following sleep restriction (Tufik et al., 1978; Tufik, 1981; Troncone et al., 1988) . Together with our own findings, this collection of reports offers an emerging view that acute sleep deprivation may induce enhanced activity throughout the mesolimbic reward system at both anatomical and dopaminergic neurochemical levels.
In addition to the increase in the VTA and dorsal striatum, the amygdala and the insular cortex also exhibited amplified reactivity in the deprivation group in response to the positive emotional stimulus gradient. Both the amygdala and the insular cortex can preferentially respond to emotional salience, playing a role not only in registering negative valence, but also in reactivity toward, and coding of, positive stimuli (Berridge and Robinson, 2003; Murray, 2007) . Indeed, this collection of limbic regions, together with the VTA and striatum, has been proposed as a broad network supporting motivation and reward processing (Camara et al., 2009) . Our findings further support the hypothesis that sleep loss is not exclusively associated with enhanced emotional brain reactivity toward threat-relevant negative stimuli (Yoo et al., 2007b; Franzen et al., 2009) , but also appears to impose a labile, bidirectional nature of affective imbalance, including increased neural and behavioral reactivity to positive experiences. The sleep-deprived state may therefore represent a pendulum-like emotional circumstance associated with amplified reactivity across the full range of affective valence (both positive and negative), as has been proposed in insomnia (Epstein and Bootzin, 2002) , and potentially contributing to reported deficits in judgment and decision making following sleep loss (Alexopoulos et al., 1988; Killgore et al., 2006 Killgore et al., , 2007 McKenna et al., 2007; Venkatraman et al., 2007; Holm et al., 2009 ). Based on previous findings demonstrating increased amygdala reactivity to negatively valenced stimuli following sleep deprivation (Yoo et al., 2007b) , the increased amygdala reactivity identified in the current study, unlike the VTA, putamen, and insular cortex, may not be selective to positive valence per se (summarized in supplemental Fig. 5 , available at www.jneurosci.org as supplemental material). A shared property of both the positive valence stimuli in the current study and the negative valence stimuli in previous work (Yoo et al., 2007b ) is high arousal. Future investigations that manipulate both valence and arousal in the same experiment will help dissociate between these possibilities. In addition to group-level differences in brain activation, participants in the deprivation group, unlike the control group, demonstrated an overlapping correlation between the positive emotion bias score and regions associated with incentive processing: the VTA and the insula. Therefore, reward-sensitive areas . fMRI correlation and conjunction analyses. A, Regions of task-related activation that were significantly more active in the sleep-deprivation group than in the sleep-control group at the overall group level (green; as described in Fig. 2 A) , together with regions showing a correlation with the positive bias score within the sleep-deprivation group (red, as above), and the overlap homology between the two (yellow with yellow box surround), identifying the insular, VTA, and fusiform gyrus. Coordinates are provided in supplemental Table 2 (available at www.jneurosci.org as supplemental material). B, Results of the conjunction test confirming the overlap homology shown in Figure 3B (yellow with yellow box surround) in a priori regions of the insular [A; peak MNI space coordinates (x, y, z): Ϫ37, 7, 2], the VTA (B; peak: 1, Ϫ21, Ϫ18), (C; peak: Ϫ24, Ϫ53, Ϫ12). Images are displayed in neurological convention on T1 anatomical axial slices (MNI slice number above), with left side corresponding to left hemisphere.
that were more active in the sleep-deprivation group were additionally correlated with individual differences in positive response bias score across the deprived participants. In line with models suggesting that affect-sensitive regions may interact bidirectionally with object processing in early sensory cortex (Rolls and Grabenhorst, 2008) , we also identified significantly greater reactivity in the fusiform gyrus in sleep-deprived relative to sleeprested subjects, which similarly showed a conjunctive overlap with the positive response bias score in sleep-deprived participants. Such enhancement of activation in unimodal cortices additionally parallels findings describing sensitization of early visual processing areas to incoming stimuli during expectation of salient or rewarding experiences (Padmala and Pessoa, 2008) . The lack of correlation between the positive bias score and reward-related areas in the sleep-control group may be related to the limited degree of positive bias expressed by these participants. Alternatively, under sleep-rested conditions, with appropriate prefrontal regulatory control maintained, these reward networks may not be significantly engaged, even in those with more pronounced positive bias response tendencies.
Functional connectivity analyses based on seed regions in the VTA, insula, and amygdala identified more strongly interconnected relationships among affect-associated networks in the sleep-deprived group. Specifically, the VTA demonstrated stronger connectivity to the amygdala and the anterior temporal pole [the latter also a region previously implicated in positive emotion processing (Pelletier et al., 2003) ], while the insula exhibited stronger coupling with early visual perceptual regions and the posterior insula cortex. This may indicate the existence of a "closed loop" of reactivity in response to positive emotional experiences under conditions of sleep deprivation, reciprocally facilitating activation throughout a network of regions known to respond to pleasurable stimuli. Moreover, and in combination with the group-level differences identified in the fusiform gyrus, the increases in connectivity between these reward-associated networks and early sensory perceptual regions may enhance attention to features of the emotional objects, further increasing their perceived salience (Rolls and Grabenhorst, 2008) .
Despite the increased reactivity throughout reward-relevant brain networks in the sleep-deprived group, these enhancements were not associated with greater connectivity in mPFC or orbitofrontal (OFC) networks, which often couple with these subcortical systems (e.g., Schultz, 2006; Hampton et al., 2007; Knutson and Wimmer, 2007; Wallis, 2007; Rolls and Grabenhorst, 2008) . Indeed, the enhanced reactivity in the amygdala in the sleepdeprived group was associated with significant reductions in connectivity with bilateral OFC and right mPFC regions. Decreased amygdala-mPFC connectivity has also been demonstrated under conditions of sleep deprivation in response to negative stimuli (Yoo et al., 2007b) , again leading to the speculation that such impairment is potentially arousal-rather than valence-specific (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material). However, this seems not to be the case for changes in OFC connectivity, which were selectively identified in the current study using positive valence stimuli, and not evident in previous work using negative valence stimuli (Yoo et al., 2007b) . More generally, this paucity of connectivity is of potential relevance, considering that OFC as well as mPFC regions can aid in coding and representing parameters of value and risk during positive, rewarding experiences (Wallis, 2007; Rolls and Grabenhorst, 2008) . A lack of appropriate engagement of these limbic-related PFC regions may therefore contribute to altered positive emotional sensitivity and regulatory control under conditions of sleep loss, with cognition being driven more by subcortical affective circuits (Killgore et al., 2006 (Killgore et al., , 2007 Venkatraman et al., 2007) . Such a notion would support the concept of PFC sensitivity to, and hence disinhibition induced by, a lack of sleep (Harrison et al., 2000; Yoo et al., 2007b) .
Finally, and while remaining speculative, our current findings may afford clinical insights into the neural mechanisms supporting the fast-acting mood improvement triggered by acute sleep deprivation in depressed patients (Wirz-Justice and Van den Hoofdakker, 1999) , namely, enhanced reactivity to pleasurable experiences, mediated by amplified neural reactivity and altered connectivity throughout affective and reward brain networks. This hypothesis would fit well with the core symptom of anhedonia in depression, preventing the ability to experience positive Figure 5 . Group-level differences in functional connectivity. A, B, Regions showing significantly greater functional connectivity (red with red box surround) in the sleep-deprivation group relative to the sleep-control group for ROIs in the VTA (seed), in the left anterior temporal pole (MNI peak: Ϫ57, 6, Ϫ30; Z score ϭ 3.74) and left amygdala (peak: Ϫ24, Ϫ6, Ϫ24; Z score ϭ 3.93) (A); and the insular (seed), in the left lateral occipital cortex (peak: Ϫ48, Ϫ75, Ϫ9; Z score ϭ 3.63), medial fusiform gyrus (peak: Ϫ27, Ϫ54, Ϫ15; Z score ϭ 3.98), posterior insular cortex (peak: Ϫ39, Ϫ24, Ϫ3; Z score ϭ 4.02), posterior middle temporal lobe (peak: Ϫ63, Ϫ54, 3; Z score ϭ 3.88), and left occipital cortex (peak: Ϫ21, Ϫ102, 3; Z score ϭ 3.82) (B). C, Regions showing significantly less functional connectivity (yellow with yellow box surround) in the sleep-deprivation group relative to thesleep-controlgroupforbilateralamygdalaROIsin(leftseed)theleftorbitofrontalcortex(peak:18, 9, Ϫ18; Z score ϭ 4.12), right orbitofrontal cortex (peak: Ϫ9, 6, Ϫ15; Z score ϭ 3.51), medial prefrontal cortex (peaks: 15, 54, 18, Z score ϭ 4.02; 21, 51, 6, Z score ϭ 3.71; 15, 39, 9, Z score ϭ 3.42), left fusiform gyrus (peak: Ϫ36, Ϫ57, Ϫ18; Z score ϭ 3.72), and (right seed) the midbrain (peak: 9, Ϫ12, Ϫ18; Z score ϭ 3.35). Images are displayed in neurological convention on T1 anatomical axial slices (MNI slice number above), with left side corresponding to left hemisphere. emotion in response to normally pleasurable events. In addition to resting brain activity (Wu et al., 1999; Clark et al., 2006) , subsequent clinical studies investigating event-related brain reactivity in response to positive emotional stimuli in depressed patients undergoing sleep deprivation may offer useful insights in determining the neural basis of this treatment's benefit.
